Background Mastering laparoscopic surgical skills requires considerable time and effort. The Virtual Basic Laparoscopic Skill Trainer (VBLaST-PT Ó ) is being developed as a computerized version of the peg transfer task of the Fundamentals of Laparoscopic Surgery (FLS) system using virtual reality technology. We assessed the learning curve of trainees on the VBLaST-PT Ó using the cumulative summation (CUSUM) method and compared them with those on the FLS to establish convergent validity for the VBLaST-PT Ó . Methods Eighteen medical students from were assigned randomly to one of three groups: control, VBLaST-training, and FLS-training. The VBLaST and the FLS groups performed a total of 150 trials of the peg-transfer task over a 3-week period, 5 days a week. Their CUSUM scores were computed based on predefined performance criteria (junior, intermediate, and senior levels).
''fulcrum effect'' in which the surgeons' hand movements and the tool tip movements are reversed [2] . These psychomotor challenges are overcome only by extensive practice, which is required to achieve proficiency in laparoscopic skills [3] . The importance of skill mastery in laparoscopic surgery to patient safety has prompted many institutions to implement a targeted training curriculum to train surgical residents, using simulation technology [4] .
The McGill Inanimate System for Training and Evaluation of Laparoscopic Skills (MISTELS) is a validated system that was developed to teach and measure basic laparoscopic skills [5] . This system has been adopted by the Fundamentals of Laparoscopic Surgery (FLS) committee of the Society of American Gastrointestinal and Endoscopic Surgeons (SAGES), and the program is administered in partnership with the American College of Surgeons (ACS) as the standard to assess the proficiency of laparoscopic skills [6, 7] . Since 2009, successful completion of the FLS exam is a requirement before being allowed to take the Qualifying Examination of the American Board of Surgery. Major drawbacks to the FLS practical exam component include the difficultly to evaluate performance objectively and the time needed to score manually. The Virtual Basic Laparoscopic Skill Trainer (VBLaST Ó ) [8] is a virtual reality simulator that is being developed to simulate the FLS tasks with funding support from the National Institutes of Health (NIH). The VBLaST-PT Ó is the version that simulates the peg transfer task of the FLS. Unlike other trainers, the VBLaST-PT Ó system is capable of measuring performance without the need for a proctor or replenishing training and testing materials, two significant cost drivers in the FLS program.
It is imperative for any training program for laparoscopic skill acquisition to objectively analyze the trainees' learning outcomes, monitor their progress continuously to make sure that the required skills are being learned, and provide feedback to remedy any shortcomings. This can be achieved by examining the characteristics of the learning curve.
The cumulative summation (CUSUM) is a criterionbased method that is widely used for characterizing learning curves. It is a statistical and graphical tool that analyzes trends for sequential events in time and hence can be used for quality control of individual performance and group performance. It can be applied in the learning phases, such as while learning a new procedure, and at the end of the training phase after the acquisition of the skill [9, 10] .
The objective of this study was to show convergent validity of the VBLaST-PT Ó system as a laparoscopic training simulator. To demonstrate convergent validity, the system must be at least as effective as a commonly accepted training system, such as the FLS. Therefore, it was hypothesized that the learning curves on the VBLaST-PT Ó and FLS would be similar, with performance improving with practice. In addition, subjects with training on either simulator would perform better than those with no training in the post and retention tests. Learning curve characteristics of the peg transfer task on both simulation systems were assessed using the CUSUM method.
Methodology

Subjects
Eighteen medical students (six per group) at a local medical school responded to a recruiting email. They fit the selection criteria of having little or no prior experience with surgery or surgical simulators, normal or corrected to normal vision, and no motor impairment that prevented manipulation of two laparoscopic tools in the surgical simulators. Subjects were compensated for their participation.
Simulators
The FLS system used was the standard SAGES-approved trainer box with a membrane cover and two slits to place 12-mm trocars (Fig. 1A) . The peg board for the task was placed inside the box by securing it to the Velcro clip. A camera with fixed focal length captured the view of the task space and displayed it on a monitor for the subject. A digital video capture device (AVerMedia, Milpitas, CA) was used to record subjects' performance inside the task space. The video was used to extract timing and error measurements for data analysis. The VBLaST-PT Ó system consisted of two laparoscopic tools connected to haptic devices (Fig. 1B) mounted in front of a monitor and a virtual reality environment simulating the FLS peg transfer task. The computational software in the VBLaST-PT Ó system uses rigid body dynamics to simulate the interaction between the tools and objects in the virtual environment. The two PHANTOM Omni haptic devices (SensAble Technologies, Wilmington, MA) connected to the instrumented tools provide force feedback to the user. Even though the system is capable of tracking and calculating performance variables, such as instrument path length and smoothness, only time to task completion and errors were used in this study to provide a fair comparison to the FLS.
Experiment design and procedure
The peg transfer task, the first of the five tasks in the FLS, was used in this convergent validation study. In this task, a set of six pegs were transferred from one side of the board to the other and back by picking each peg with one tool (operated by the dominant hand to start) and transferring it to the other tool before placing it on the board. The task was designed to develop coordination skill in both hands for performing laparoscopic surgery. A maximum of 300 s is allotted for subjects to complete the task.
The experiment was a between-subjects design with three different training conditions. Subjects were randomly assigned to one of the three conditions: control, VBLaST, and FLS. Subjects in the control group did not receive any training on the task, whereas those in the other two training groups received training on the assigned simulator over a period of 3 weeks.
In this Institutional Review Board (IRB)-approved study, before the testing session began, all subjects watched an instructional video that demonstrated the proper procedure to perform the peg transfer task in both the FLS and VBLaST-PT Ó systems. All subjects then performed the task once using both simulators to mark their own baseline performance (also pre-test). The order of simulators was counterbalanced. That is, half of the subjects used the FLS first for the pre-test, whereas the other half of the subjects used the VBLaST simulator first in the pre-test.
Subjects assigned to a training condition then practiced the task on the assigned simulator for a session each day, 5 days a week, for 3 consecutive weeks for a total of 15 training sessions. During the training sessions, subjects performed 10 trials of the task or attempted as many trials as possible during half an hour, whichever was shorter. The VBLaST-PT Ó system recorded subject performance at the end of each trial automatically, whereas the FLS performance scores were computed manually using the video recording of the sessions. Those subjects in the control condition did not practice the task at all.
At the end of the 3 weeks, all subjects performed the peg transfer task to mark their final performance (post-test) using both simulators. The order of simulators was counterbalanced. Two weeks following the post-test, all subjects performed the task on both simulators again to determine their skill retention.
Dependent measures
Task completion time and errors (dropped pegs outside of board) were the dependent measures. Performance scores on each simulator were calculated based on the established scoring metrics for the FLS tasks [5] . The scores for each training group were then normalized separately. For the FLS condition, subjects' scores were normalized to the best published score in the literature [12] , whereas the VBLaST subjects' scores were normalized to the best expert score thus far available on the VBLaST-PT Ó in the ongoing multi-institution concurrent validation study [11] . CUSUM calculation CUSUM charts were generated for each individual subject, and for each training group as a whole. Three performance criteria representing ''junior,'' ''intermediate,'' and ''senior'' level of performance were defined for the individual and overall learning curves. The FLS learning curve performance criteria were derived from the MISTELS database [12] (mean junior criterion score = 41, mean intermediate criterion score = 65, and mean senior criterion score = 76). The VBLaST-PT Ó criteria were drawn from the ongoing multi-institution concurrent validation study (mean junior criterion score = 59, mean intermediate criterion score = 64, and mean senior criterion score = 68) [11] . For each of the criterion scores, the failure rates were calculated. When the computed peg transfer score for each trial is equal to or better than the criterion score, it was coded as a ''success'' (1), whereas a lower score was coded as a ''failure'' (0). The acceptable failure rate (p 0 ) was set at 5 % for each criterion level, whereas the unacceptable failure rate (p 1 ) was set at 10 % (2 9 p 0 ) [12] . Type I and type II errors (a and b) were set at 0.05 and 0.2, respectively. Based on these parameters, two decision limits (h 0 and h 1 ) and the s value for each successive trial were calculated in a running tally. For each success, s was subtracted from the previous CUSUM score. For each failure, 1-s was added to the previous CUSUM score. A negative slope of the plotted CUMSUM line indicates success, whereas a positive slope suggests failure. This procedure was performed for each subject using all three criterion scores of performance. Table 1 shows the CUMSUM variables for data analysis. Table 2 is an example of the CUMSUM chart for a representative subject (medical student no. 8) using the VBLaST-PT 
Data analysis
For the statistical analysis of pre-, post-, and retention tests, the SPSS 18.0 statistical software package (IBM Inc.) was used. Separate two-way mixed factorial ANOVAs with one within-subject variable (pre-, post-, and retention test scores) and one between-subject variable (training group) were used for the FLS and the VBLaST-PT Ó scores. ANOVA results with significance (p \ 0.05) were further analyzed (post-hoc comparison) using the Tukey HSD method. Paired-sample t tests with a Bonferroni correction (p \ 0.002 for significance) was used to further compare the performance between pre, post and retention tests for each of the simulators.
Results
Individual CUSUM learning curve for VBLaST
Based on the VBLaST-PT Ó junior criterion (score = 59), five of six medical students (MS) achieved the acceptable 5 % failure rate the 150th peg transfer trial (MS 8 achieved it at the 73rd trial, MS 9 and 11 at the 145th trial, MS 10 at the 102nd trial, MS 12 at the 59th trial; range = 59 to 145 trials; Fig. 2 ). Individual medical student failure rates ranged from 1.3 to 10.1 % for this criterion. Note that only MS 8, MS 10, and MS 12 finished all 150 trials. All other subjects in this group could not finish 10 trials within half an hour during the first training session. Using the VBLaST-PT Ó junior criterion, all subjects trained on VBLaST-PT Ó demonstrated a transition point at which their CUSUM line changed from a positive to a negative slope, suggesting a trend toward more successful performance (MS 7 at trial 19, MS 8 at trial 3, MS 9 at trial 16, MS 10 at trial 4, MS 11 at trial 11, MS 12 at trial 6; transition point range = 3-19 trials).
Based on the VBLaST-PT Ó intermediate criterion (score = 64), only three medical students who trained on VBLaST-PT Ó achieved an acceptable 5 % failure rate by the 150th peg transfer trial (MS 8 and 12 at trial 73, MS 10 at trial 130; Fig. 3 ). Individual student failure rates ranged from 2.0 to 12.8 %. Using the VBLaST-PT Ó intermediate criterion, all students who trained on VBLaST-PT Ó had a performance transition point (MS 7 at trial 19, MS 8 at trial 3, MS 9 at trial 16, MS 10 at trial 4, MS 11 at trial 19, MS 12 at trial 6; transition point range = 3 to 19 trials).
Using the VBLaST-PT Ó senior criterion (score = 68), only two medical students trained on VBLaST-PT Ó achieved the acceptable 5 % failure rate by the 150th peg transfer trial (MS 8 at trial 102, MS 12 at trial 73; Fig. 4) . Individual student failure rates ranged from 2.0 to 12.8 %. Under the VBLaST-PT Ó senior criterion, all students 59, MS 6 at trial 30; range = 30-116 trials; Fig. 6 ). Individual student failure rates ranged from 0-4 %. Under the FLS intermediate criterion, all students trained on FLS had a performance transition point (MS 1 at trial 5, MS 2 at trial 36, MS 3 at trial 5, MS 4 at trial 11, MS 5 and MS 6 at trial 1; transition point range = 1-36 trials). Under the FLS senior criterion (score = 76), only three medical students trained on FLS achieved a 5 % failure rate by the 150th peg transfer trial (MS 1 at trial 116, MS 3 at trial 145, MS 6 at trial 59; Fig. 7) . Individual student failure rates ranged from 1.3 to 10.7 %. Based on the FLS senior criterion, all students trained on FLS had a performance transition point (MS 1 at trial 9, MS 2 at trial 50, MS 3 at trial 8, MS 4 at trial 41, MS 5 at trial 59, MS 6 at trial 27; transition point range = 8-59 trials). The results from the CUSUM individual learning curve analysis are summarized in Table 3 .
Total CUSUM learning curve
Based on the junior criterion, the acceptable failure rate of 5 % was achieved by trial 87 for the VBLaST group overall and by trial 30 for the FLS group overall. The junior criterion transition point for the VBLaST group was at trial 4, whereas for the FLS group was at trial 1 (Fig. 8) . The total junior criterion failure rate was 2.7 % for the VBLaST-PT Ó and 0 for the FLS. Under the intermediate criterion, the failure rate of 5 % was achieved by trial 102 for the VBLaST group overall, with a transition point at trial 6. For the FLS group, the acceptable failure rate of 5 % was achieved by trial 59, with a transition point at trial 2 (Fig. 9) . Total intermediate criterion failure rate was 3.3 % for the VBLaST-PT Ó group but 1.3 % for the FLS.
Using the senior criterion, the VBLaST group achieved a 5 % failure rate by trial 145, with a transition point at trial 21, whereas the FLS group achieved a 5 % failure rate by trial 102, with a transition point at trial 5 (Fig. 10) . Total senior criterion failure rate was 5.3 % for the VBLaST-PT Ó and 3.3 % for the FLS.
Pre-, post-, and retention test results
The normalized performance scores for the three training groups on VBLaST-PT Ó and FLS simulators are shown in Figs. 11 and 12 , respectively. Mixed factorial two-way (training group and test) ANOVA on the performance results from the VBLaST-PT Ó showed a significant main effect on the test factor (p \ 0.001). The between-subjects factor of training also showed a significant effect (p \ 0.001). Post-hoc analysis using the Tukey HSD method showed that the performance of the VBLaST Fig. 7 CUMSUM learning curves for medical students trained on FLS using senior criterion success score of 76, acceptable failure rate p 0 = 5 % On the FLS simulator, a significant main effect in the test factor (p \ 0.001) was observed. The between-subjects factor of training also showed a significant effect (p = 0.001). Post-hoc analysis using the Tukey HSD method showed that the performance of the FLS trained group on the FLS simulator was significantly better than both the VBLaST trained (p = 0.004) and the control groups (p = 0.001). No significant difference was found between the performances of the VBLaST and the control group (p = 0.575). Paired-samples t test showed a significant difference between pre and post test (p = 0.001) but no significant difference between post and retention tests on the FLS for the FLS training group (p = 0.486), indicating skill retention.
Overall, both the VBLaST and the FLS trained groups performed better when tested on their respective simulators indicating skill acquisition. However, performance was not better than the control group when tested on a different simulator than the one used for training, indicating no significant skill transfer between the VBLaST-PT Ó and the FLS systems.
Discussion
The performance of many motor skills improves with practice and repetition over time. A learning curve is used to visually describe the learning process. It can be linear, positively or negatively accelerated, or ogive or S-shaped [13] . In tasks, such as surgery, the learning curve tends to be negatively accelerated with markedly increasing improvement early on and subsequent smaller improvements as the curve reaches a plateau. Cook et al. [14] described three main features of the learning curve: the ''starting level'' where the performance begins, ''learning level'' where the rate of learning determines how quickly a performance level is reached, and the ''expert level'' where the performance has reached the plateau. This characteristic curve can be observed in only ten trials of practice for Fig. 10 CUMSUM learning curves for FLS total and VBLaST-PT Ó total using senior criterion FLS success score of 76, acceptable failure rate p 0 = 5 %; VBLaST-PT Ó success score of 68, acceptable failure rate p 0 = 5 % Fig. 11 Performance of all the three groups on VBLaST-PT Ó during pre-, post-, and retention tests experts and 5 h of practice in beginners. Improvement in performance with just ten trials has been shown for a group of 150 surgeons performing three basic tasks (rope pass drill, cup drop drill, and triangle transfer drill) [15] . Similarly, other studies have shown that ten surgeons performing five tasks designed to improve suturing and tying skills showed marked improvement in performance in four of five tasks just 5 h of training [16] . In another study [17] , which consisted of PGY2 and PGY3 residents, performing four tasks designed to test the dominant and nondominant hand and two-handed skills showed improved performance with only 4-5 h of training. In our study, we have shown that our subjects reached their performance plateau before the 150th trial, or 7.5 h of practice. Merely looking at the time to reach plateau or the plateau level is not enough to assess the change of performance with time and practice over the course of the training program.
McCarter et al. [18] stated that the advantage of CUSUM analysis is that it allows the study of performance over time with experience as a continuous variable. Moreover, with CUSUM analysis a series of failures will be apparent by the change in the slope of the graph, whereas random failures will not be detected because they do not affect the performance significantly. In their study on institutional and individual learning curves on focused abdominal ultrasound for trauma, they found that while the CUSUM analysis of the aggregate experience showed accuracy greater than 90 %, individual experience showed a range of accuracy from 87 to 98 %. The CUSUM can be used for monitoring progress of an individual while learning a new procedure, as well as to track the progress after the acquisition of the skill. In a retrospective analysis of colonoscopic examinations using the CUSUM technique for three different surgeons of various experience levels, it has been shown that an acceptable completion rate should be set above 90 % [10] . In another retrospective study on endoscopic retrograde cholangiopancreatography (ERCPs) performed over an 8-year period by a single surgeon at Dunedin hospital using CUSUM analysis, satisfactory outcomes for selective cannulation were obtained after approximately 100-120 procedures [19] . Using CUSUM analysis it was shown that when ERCP was performed regularly, even small hospitals can develop and maintain expertise in this procedure. In a study on the performance of the surgical trainee using global assessment derived from modified Royal Australian College of Surgeon's mentor form and CUSUM [20] , after only 25 procedures, CUSUM was able to report reliably whether the trainee's performance was satisfactory or not based on the criteria of the procedure duration.
The advantage of CUSUM is that it is an objective tool, whereas global assessment rating is subjective in nature. In another study of the learning curve for laparoscopic colorectal resection of a colorectal unit using CUSUM with both the combined and the seven individual surgeon's performance, steady state was reached after 310 cases with respect to conversion rate and at approximately 50 cases when considering intraoperative and major postoperative complications [21] . More importantly, the study showed that the continuous training of a new trainee did not affect the outcome of an established unit. In a retrospective study of technical proficiency of two surgeons on hand-assisted laparoscopic colon and rectal surgery using CUSUM analysis on the operative time, the change point from ''learning period'' to ''skilled period'' occurred after 108 and 105 cases for both the surgeons, respectively [22] . The ''skilled period'' operative time and complications were much lower compared with the ''learning period.'' The learning usually extends beyond fellowship years as was shown in this study using CUSUM analysis. Similar learning curve studies have been performed for several laparoscopic procedures [23] [24] [25] [26] [27] [28] , cardiac procedures [29] , robotic surgeries [30] [31] [32] , endovascular procedures [33] , anesthesia [34] , and many other procedures as well [18, [35] [36] [37] .
Fraser et al. [12] used CUSUM to characterize the learning curve for the peg transfer task based on junior, intermediate, and senior criterion standards. They asserted that even though supervisors can easily spot the general traits of a novice or an expert, less obvious traits may not be recognized by them. An objective, criteria-based method (CUSUM) has the advantage of being able to monitor trainees individually, tracking their progress based on specific set criteria. Based on their established junior, intermediate, and senior criteria, by the 40th trial, one student achieved the same error rate (5 %) as the senior level, three students achieved the error rate of intermediate, and ten students achieved the error rate of junior level. All the learning curves of the students showed transition points indicating the trend toward more successful trials.
In this work, the learning curve for both the FLS (derived from MISTELS) and VBLaST-PT Ó systems were established. For those six students who trained on the FLS, three students achieved a 5 % failure rate for the senior criteria by the 150th trial, whereas all six students achieved the intermediate and junior criteria performance level. The key differences from the learning curve study on MISTELS [12] and our current study is the sample size (16 in [12] as opposed to 6 in this study) for the FLS training group and the number of trials (40 in [12] as opposed to 150 in this study). Nevertheless, our results showed similar or better performance on FLS with training with all the participants showing transition points in their CUSUM curve.
For the VBLaST training group, two students achieved the 5 % failure rate needed for senior criteria, three students for the intermediate, and five students for the junior level by the 150th trial. Overall, the VBLaST-PT Ó system required more trials than FLS to achieve the three set criteria, as shown in the individual and group curves. Nevertheless, all students showed transition points in their CUSUM curve demonstrating the learning of skill in VBLaST-PT Ó system. It is worth noting that even though the group CUSUM learning curves for the FLS and the VBLaST-PT Ó systems in our study showed that the training groups achieved the 5 % failure rate, this does not imply that every single individual has achieved the 5 % failure rate in either FLS or VBLaST-PT Ó . When the trainee is in the ''learning level'' of the learning curve [14] , it must be ensured that the training does not stop there because fewer trials would have a greater effect on the learning and skill retention [38] . Scott et al. [39] showed significant improvement in skills between second-year medical students (MS2) and PGY3 in a learning curve study on five video-trainer tasks with 10 days of 30-min training. In another study, Derossis et al. [40] showed that for two groups of surgical residents, the group that received training for 5 weeks on MISTELS tasks showed significant differences in scores compared with the group that did not receive any training at all. In another study by Kolozsvari et al. [41] , whether training and overtraining in peg transfer task had any influence in learning intracorporeal suturing task was studied. They found that for novices, training in peg transfer was slightly associated with improvements in the learning curve for the intracorporeal suturing, and overtraining in the peg transfer did not correlate with improved skill retention.
In our study, from the pre-, post-, and retention tests, both the VBLaST and the FLS groups exhibited significant improvement in post-test scores and retention scores. In addition, the performance of the VBLaST and the FLS trained groups were best when tested on their respective simulators, showing specificity of training environments. When the VBLaST trained group was tested in the FLS, their performance was not significantly better than the control group. The FLS trained group showed the same specificity of training environment, and the same lack of transfer of learning compared with the control group.
Limitations and future work
Even though the VBLaST Ó system was designed to replicate the FLS tasks, it is nevertheless a virtual reality system as opposed to a real physical system. While this provides important benefits, such as objective scoring, elimination of proctors, and unlimited self-replenishing materials, it still requires some adaptation by the users, especially when using it for the first time. To bridge this gap, we have identified several issues that might contribute to the differences in the performance and their solutions have been implemented in the VBLaST-PT Ó simulator that is currently undergoing concurrent validation. For example, the workspace of the VBLaST-PT Ó simulator has been modified to more closely match the FLS system so that the range of tool motion is more consistent with the movements in the FLS box. In addition, the tool and peg interaction have been modified so that the pegs can be picked using a grasper similar to the FLS system. Display enhancements, such as shadows to provide clues about depth, also have been implemented to enhance the performance in the VBLaST-PT Ó system. The CUSUM method, although advantageous to monitor the progress of trainees using arbitrarily set criteria, cannot provide information on where the learning curve plateaus or the rate at which learning is achieved. Feldman et al. [42] used nonlinear regression to fit an inverse curve to estimate ''learning plateau'' and ''learning rate'' from the data collected in the study by Fraser et al. [12] . We plan to perform similar analyses in the data collected in this study to provide additional information on the learning curve of the individual students from the training groups.
Conclusions
The learning curve of the VBLaST-PT Ó simulator for the peg transfer task was characterized using the CUSUM method and compared with the currently established ''gold standard'' for training, the FLS system for the same task. We showed that all students trained on VBLaST-PT Ó showed transition points on their CUSUM curve indicating learning. The pre-, post-, and retention tests also showed skill improvement and retention with training on VBLaST-PT Ó similar to FLS. However, the training effects on FLS and VBLaST are system-specific and do not appear to be transferrable to the other system. More work is needed to examine the issue of transfer of learning from VBLaST to the operating room.
